Neurodegeneration is a common starting point of reactive gliosis, which may have beneficial and detrimental consequences. It remains incompletely understood how distinctive pathologies and cell death processes differentially regulate glial responses. Müller glia (MG) in the retina are a prime model: Neurons are regenerated in some species, but in mammals there may be proliferative disorders and scarring. Here, we investigated the relationship between retinal damage and MG proliferation, which are both induced in a reproducible and temporal order in organotypic culture of EGF-treated mouse retina: Hypothermia pretreatment during eye dissection reduced neuronal cell death and MG proliferation; stab wounds increased both. Combined (but not separate) application of defined cell death signaling pathway inhibitors diminished neuronal cell death and maintained MG mitotically quiescent. The level of neuronal cell death determined MG activity, indicated by extracellular signalregulated kinase (ERK) phosphorylation, and proliferation, both of which were abolished by EGFR inhibition. Our data suggest that retinal cell death, possibly either by programmed apoptosis or necrosis, primes MG to be able to transduce the EGFR-ERK activity required for cell proliferation. These results imply that cell death signaling pathways are potential targets for future therapies to prevent the proliferative gliosis frequently associated with certain neurodegenerative conditions. Published: xx xx xxxx OPEN www.nature.com/scientificreports/ 2 Scientific REPORTS | 7: 9517 |
Glia cells may have stem-cell-like competence and regenerate neuron loss upon injury and disease of the nervous system in some species, but not in others 1 . One prime example are the radial Müller glia (MG) in the retina that are crucial for the maintenance of visual function and tissue integrity. MG are mitotically quiescent in the healthy mammalian retina, like other glia throughout the CNS. In most types of retinal diseases, mammalian MG undergo major cellular and molecular changes summarized as reactive gliosis, which may have supportive and detrimental effects on neuronal function and survival 2 . Upon retinal injury, MG readily regenerate all retinal cell types in zebrafish, whereas in mammals they do not [3] [4] [5] [6] [7] [8] . In humans, MG are a potential source of proliferative disorders and detrimental scar formation that might reduce, cause, or exacerbate neuronal degeneration 9, 10 . Comparative studies of mouse models with different forms of inherited retinal degeneration have indicated that reactive gliosis is highly variable, dependent on disease and mouse strain 11, 12 . Further, various studies have shown limited neuronal regeneration upon experimental stimulation of mammalian MG [13] [14] [15] [16] [17] . In zebrafish, HB-EGF stimulation is necessary and sufficient to induce MG-derived neurogenesis 18 . In contrast, both retinal injury, inducing EGFR expression, and HB-EGF or EGF treatment are required to induce cell-cycle re-entry of a small number of MG in rodents 15, [19] [20] [21] [22] [23] . EGF treatment stimulates highly limited MG-derived neuronal regeneration in vivo 13 . Recent work has shown that regulated molecular programs control regeneration, and possibly limit it 7, 15, 24 . Retinal-damage-induced mechanisms might differentially trigger, regulate, and restrict glial responses, like regeneration or scarring, which possibly depend on the species and type of disease, and are incompletely understood.
Most recent research has demonstrated that the mechanisms regulating cell death vary between some forms of retinal neurodegenerative diseases and injury 25, 26 . At least three major morphologies of cell death have been described: Apoptotic, necrotic, and autophagic cell death. Retinal detachment has been associated with apoptotic and necrotic photoreceptor death, whereas most mouse models with inherited forms of retinal degeneration involve non-apoptotic cell death [25] [26] [27] [28] [29] . However, most retinal pathologies may cause some level of retinal detachment, and the cell death mode upon retinal detachment varies between mouse strains 30 . Various other evidences suggest that cell death mechanisms can be interrelated 31, 32 . For example, previous studies have shown that a pan-caspase inhibitor decreased apoptosis upon retinal detachment, but increased RIPK1-dependent programmed necrosis, whereas a combined blockade efficiently prevented retinal photoreceptor cell loss in vivo [32] [33] [34] . Thus, programmed necrosis is an essential and complementary mechanism of photoreceptor death. However, although we know that the type of neuronal cell death may vary between pathologies, the consequences for the entire tissue, as well as for individual cell types such as reactive glia, remain unclear. Work in zebrafish has shown that the amount and type of damage matters, indicating that feedback inhibition of the surviving neurons determines the outcome of the regeneration process 35, 36 . Studies on the genomic response of diseased and injured mammalian retina have revealed that various signaling pathways are involved 37, 38 . However, the complex interactions between dying cells, inflammation, cell loss, and differential glial responses are not completely deciphered.
A major difficulty in addressing the mechanism regulating MG mitotic quiescence and (retinal damage induced) proliferative reactive gliosis in mammals has been the lack of a robust and easily tunable experimental system. In contrast to humans [39] [40] [41] [42] and some animals like rabbits, rodent disease models are rarely associated with profound considerable proliferative gliosis 12, 43, 44 . However, MG reactive gliosis in damaged mouse retina is frequently associated with an activation of cell cycle related regulators 19, 45 . Here, we utilize our recently developed mouse retinal regeneration assay that facilitates studies in an easily controlled environment and recapitulates some major steps of reactive gliosis in mammals in vivo and in regenerating zebrafish retina 15, 21, 24 : Organotypic explant culture of juvenile mouse retina induces extensive neuronal cell loss and MG become reactive, involving cell hypertrophy, cell displacement and gliotic hallmark gene expression changes. More than 50% of MG re-enter the cell cycle upon EGF stimulation, some reprogram into a stem cell or neurogenic state, and very few differentiate into neuronal-like cells. The mouse MG proliferative and regenerative response becomes rapidly restricted with increasing mouse age, which could provide a system to identify the processes regulating and limiting regeneration in mammals. Here, we provide evidence suggesting that mouse retinal organotypic culture facilitates studies on the mechanism controlling MG quiescence, and on neuronal cell death dependent MG reactivation and proliferative gliosis. Deciphering the mechanisms governing neurodegeneration-associated glial responses will provide new avenues for therapy development.
Results
Spatiotemporal dynamics of cell death and proliferation in retinal explant culture. We determined the time course of retinal cell death in the previously established mouse retina regeneration ex vivo assay 15, 21 to study the interrelationship with the Müller glia (MG) proliferation response. Postmitotic juvenile retina at postnatal day 10 (P10) were cultured as organotypic explants and treated with EGF ( Fig. 1a ) to stimulate MG proliferation. To investigate the cell death dynamics in this system, we analyzed DNA fragmentation using the TUNEL assay ( Fig. 1b ,c) and active (cleaved) caspase-3 (aCASP3) immunostaining ( Fig. 1d ,e) in tissue sections from cultured retina between days ex vivo (DEV) 0.65-6 compared to uncultured control (DEV 0). CASP3 mediates programmed apoptosis and regulates cell death at a relatively early stage. DNA fragmentation occurs in various types of cell death, including programmed apoptosis and necrosis, and is a rather late event of cell death. TUNEL staining detects DNA breaks, a hallmark of apoptosis, but which also occur in necrosis. Data are given as mean with standard error of the mean per 100 µm retinal circumference length. We found that aCASP3+ and TUNEL+ cell nuclei occurred in a time-dependent manner in retina culture ( Fig. 1a-e ). After 16 hours (DEV 0.65) the majority of TUNEL+ cells (Fig. 1b ,c) were seen in the inner nuclear layer (INL), few in the ganglion cell layer (GCL) and outer nuclear layer (ONL). At the same time, the majority of aCASP3+ cells ( Fig. 1d ,e) started to be found in the INL and ONL and few in the GCL. Cell death transiently increased with ongoing culture time, most strongly affecting photoreceptors (ONL). The total number of TUNEL+ and aCASP3+ cells both peaked at DEV 2 with 40 ± 1 and 82 ± 7 compared to 1 ± 0.3 and 3 ± 0.2 cells in DEV 0 controls, respectively (each timepoint N ≥ 3, both P < 0.001), and declined thereafter (DEV4-6; Fig. 1b -e; for details on biological replicates (N) see Suppl. Table S4 ). Our data indicate that retinal explant culture induces reproducible cell death in two temporal waves, starting with retinal ganglion cells and interneurons and followed by photoreceptors.
We next investigated the temporal MG proliferation response ( Fig. 1f ,g) in consecutive sections to the cell death analysis ( Fig. 1b-e ). We have previously shown and confirmed here ( Fig. S2d ) that the vast majority of proliferating cells are MG by immunostaining for KI67 15, 24 , an antigen expressed during the active stages of the cell cycle. MG proliferation and nuclear displacement into the ONL started on DEV 2 and further increased until DEV 4 (3 ± 0.4 cells compared to 0 ± 0.000 cells in control, N ≥ 3, Fig. 1g ). These results demonstrate that a wave of neuronal death rapidly and extensively builds up within 2 days and precedes a wave of MG proliferation -suggesting that MG proliferation is a result of neuronal death.
Müller glia cell cycle re-entry depends on retinal damage.
To demonstrate that damage induced by retinal explant culture is required for a robust MG proliferation response, and to facilitate the application of controlled experimental damage, we developed a protocol to minimize neuronal cell death. We hypothesized that dissecting eyes and retinas under controlled hypothermic conditions (hereafter called the continuous cooling (cC) protocol), applied continuously until retinas are transferred to a cell culture incubator at 37 °C ( Fig. 2a) , might reduce neuronal cell death. According to our original protocol, hereafter referred to as the discontinuous cooling (dC) protocol 15, 21 , the retinas experience a rewarming period during dissection ( Fig. 2a ). Comparative experiments of retina cultures prepared by the dC and cC protocols revealed that the level of retinal cell death (Figs 2b, S1a) and MG proliferation (Figs 2c, S1b) were both strongly reduced under cC. We found lowered numbers of TUNEL+ cells under cC compared to dC at DEV 2, 4, and 6 (average of all timepoints: 64 ± 3%, N = 12
Scientific REPORTS | 7: 9517 | DOI:10.1038/s41598-017-09743-8 per variable with N = 4 per timepoint, P < 0.01; Figs 2b, S1a). Relatedly, comparison of MG proliferation at its peak timepoint DEV 4 (and later) showed a two-fold reduction under cC compared to dC (50 ± 16% KI67 cells per ONL and INL, N = 4 per timepoint and variable, P < 0.01; Figs 2c, S1b). Further, the apical nuclear displacement of MG was also reduced under cC conditions (Figs 2c, S1b). In summary, our data show that neuronal cell death and associated MG proliferation in retina culture can be controlled by the dissection procedure. To confirm the latter hypothesis, we used our new modified system (cC conditions) with lower levels of baseline cell death and MG proliferation and investigated whether experimental damage results in increased neuron death and MG proliferation.
Controlled physical damage by stab wound injury in defined areas of interest strongly induced neuronal cell death and MG proliferation compared to unharmed control areas within the same retinas (cC conditions). We punctured freshly explanted retinas on the cell culture membrane insert with a sterile 200 µl pipette tip (Figs 3a, Table S4 ). *P < 0.05; **P < 0.01; ***P < 0.001 with 1-way ANOVA (Dunnett's multiple comparison post hoc test). Scale bars: 50 µm.
S2a), which resulted in a circular lesion in the en face retinal flatmount view, and in an incision that severed all retinal layers in the retinal cross-section view (Figs 3b,c, S2b-c). The lesion areas showed more than three times as many TUNEL+ cells at DEV 2 (N = 3, P < 0.05) and DEV 4 (N = 4; P < 0.001) compared to control areas (Figs 3b, S2b). To specifically monitor MG proliferation, we analyzed co-expression of the MG marker SOX2 with the proliferation marker KI67, and incorporation of the S-phase proliferation marker BrdU, cumulatively applied throughout cultivation (Figs 3c, S2c). Strikingly, there was a two-fold increase in MG proliferation in the lesion areas at DEV 4 (KI67+ 219 ± 31%, N = 4, P < 0.01; KI67+ SOX2+ 228 ± 25% N = 4, P < 0.05; BrdU+ SOX2+ 245 ± 32%, N = 4, P < 0.01) compared to control. In summary, the modified version of our retinal ex vivo assay enables reliable and reproducible induction of experimental damage and EGF-dependent MG proliferation. Of note, this system recapitulates previous findings in vivo, showing that EGF is not sufficient to induce MG proliferation, but that combined retinal damage and EGF are required 13, 22 . Conditions with low or high levels of neuronal cell death were associated with low and high numbers of MG proliferation, respectively.
Combined (but not separate) inhibition of distinct cell death signaling pathways is required to reduce neuronal cell death and associated MG proliferation.
To test the hypothesis of neuronal cell death-dependent MG proliferation using a different approach, we sought to reduce cell death using pharmacological inhibitors. Neuronal death has previously been prevented in some retinal disease models, but not others, by applying apoptosis or necrosis signaling pathway inhibitors 28, 32, [46] [47] [48] [49] [50] [51] [52] . Thus, we applied selected cell death pathway inhibitors, either separately or in combination, for 3 days in culture ( Fig. 4a ) and compared them to a solvent control. We determined cell death by TUNEL (Figs 4b,c, S4), aCASP3 immunostaining (Figs 4d,e, S4), and QPCR gene expression analysis ( Fig. 4g ). MG proliferation was analyzed by co-staining for SOX2 and KI67 on retinal sections (Figs 5, S5). Necrostatin-1 (Nec1) is a potent and selective inhibitor of programmed necrosis that targets receptor-interacting serine/threonine-protein kinase 1 (RIPK1). Nec1 did not affect cell death (N = 4). In contrast, the pan-caspase inhibitor Z-VAD-FMK (ZVAD, perhaps does not inhibit CASP2) significantly reduced the number of aCASP3+ cells in all retinal layers by 90 ± 0.3% (N = 4, P < 0.05) and TUNEL+ cells by 54 ± 2% (N ≥ 3, P < 0.001). MG proliferation remained unchanged in both cases (N = 4, Nec1: KI67+, P = 0.471; KI67+ SOX2+ P = 0.931 and ZVAD: KI67+, P = 0.673; Ki67+ SOX2+ P = 0.628). Inhibition of caspase pathways (ZVAD) upon retinal detachment in vivo reduced the number of apoptotic photoreceptors, which was compensated by photoreceptor death via RIPK1-mediated necrosis, whereas Nec1 inhibition reduced necrosis but Ordered timed workflow for organotypic retinal explant culture. Both eyes of a mouse were isolated and stored in storage buffer chilled on ice, followed by retinal dissection for flatmounting. Retinas were either maintained in hypothermic conditions (continuous cooled protocol, cC), or were temporarily allowed to rewarm to RT during dissection and returned to hypothermic conditions thereafter (discontinuous cooled protocol, dC). Retinas were cultured at the air-media interface (37 °C, 5% CO 2 ) and treated with EGF. (b) Representative images and quantitative analysis depict that cell death (indicated by TUNEL+ cell nuclei), and (c) Müller glia proliferation (indicated by KI67+ cell nuclei) are reduced in cC compared to dC conditions at different days ex vivo (cC data was normalized to dC). GCL, ganglion cell layer; INL, inner nuclear layer; and ONL, outer nuclear layer. DEV, days ex vivo. Data are presented as mean ± SEM, N ≥ 3 (see Table S4 ). *P < 0.05; **P < 0.01; ***P < 0.001 with Student's t-test (unpaired, two-tailed). Scale bars, 50 µm. See Fig. S1 .
Scientific REPORTS | 7: 9517 | DOI:10.1038/s41598-017-09743-8 increased apoptosis. Strikingly, the combined application of apoptosis and necrosis inhibitors efficiently reduced overall photoreceptor loss 32, 34 . Here, we could confirm and extend these findings: Simultaneous application of Nec1 and ZVAD reduced cell death efficiently, with 86 ± 0.2% and 87 ± 1% fewer TUNEL+ and aCASP3 cells (each N ≥ 3, P < 0.001), respectively. This significantly reduced MG proliferation (KI67+ SOX2 + ) by 89 ± 1% (N = 4, P < 0.05, Fig. 5b-d ). We also applied a previously reported inhibitor combination (ZVDL) containing ZVAD, Z-DEVD-FMK (blocks CASP9), and Z-LEHD-FMK (CASP3, 7, and 8 inhibitor) [53] [54] [55] [56] . ZVDL effectively blocked retinal cell death and MG proliferation: TUNEL+ cells across the entire retina were highly reduced (by 96 ± 1%, N = 4, P < 0.001) and aCASP3 was significantly reduced by 91 ± 1% (N = 4, P < 0.01). MG proliferation was entirely blocked by ZVDL (N = 4, P < 0.001).
To gain insight into the cell death pathways affected by the inhibitors we performed QPCR experiments for major cell death regulators. Temporal gene expression analysis in whole retinal explants at DEV 0, 2, 4 and 7 ( Fig. 4f ) showed significant upregulation in the range of 1.6-fold to 6-fold for Ripk1 (DEV 4, p < 0.001), Casp7 (DEV 2, p < 0.001) and Casp8 (DEV 2, p < 0.05), an initial transient 2-fold decrease in Ripk3 (DEV 2, p < 0.001), Table S4 ). (Table S1 ) either separately or in combination, and were compared to solvent controls (CTRL). (b,e) Immunofluorescence images and (c,d) quantitative analysis of cultured retinal explant sections stained for cell death markers TUNEL and activated caspase 3 (aCASP3) indicated a reduction in cell death depending on the respective inhibitors added: Simultaneous application of necrostatin1 (Nec1) and the pan-caspase inhibitor Z-VAD-FMK (ZVAD) prevent cell death more efficiently than single inhibitors. Nec1 combined with a CASP8 inhibitor (Z-IETD-FMK, IETD) was less efficient than Nec1 with the pan-caspase inhibitor ZVAD (N = 4, each treatment). The ZVDL mixture (ZVAD, Z-DEVD-FMK, and Z-LEHD-FMK) (N = 4) strongly reduced cell death when compared to Nec1+ ZVAD (N = 3). Data are presented as mean ± SEM; N ≥ 3. (f,g) Gene expression analysis of cell death regulators, receptor-interacting serine/threonine-protein kinases 1 and 3 (Ripk1, Ripk3) and Casp3, Casp7 and Casp8, by QPCR of RNA derived from whole retinal explant samples: (f) Temporal analysis indicated gene expression related to apoptotic and necrotic cell death in retinal explants at DEV 2, 4, and 7 compared to uncultured control (DEV 0). (g) Gene expression upon cell death inhibitor treatments showed differential expression levels in death pathway genes (N = 4, each inhibitor treatment). Cq values from gene expression data were normalized to the housekeeping gene (Actb) and respective solvent control (ddCq method). All QPCR reactions were run in technical duplicate, N ≥ 3 biological replicates (see Table S4 ). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; DEV, days ex vivo. *P < 0.05; **P < 0.01; ***P < 0.001 with Student's t-test (unpaired, two-tailed). Scale bars: 50 µm. See Figs S3 and S4. but no change in Casp3. Gene expression analysis after application of cell death pathway inhibitors showed significant changes at DEV 3 compared to the solvent control ( Fig. 4g , N ≥ 3): ZVAD (P < 0.001), Nec1 (P < 0.001), and Nec1+ ZVAD (P < 0.01), but not ZVDL, reduced Ripk1 (each N = 4). Ripk3 decreased with ZVAD (P < 0.01), Nec1+ ZVAD (P < 0.01), and ZVDL (P < 0.01). An increase in Ripk3 indicates programmed necrosis in different forms of retinal diseases, including retinal detachment 26, 32, 50, 57 . Nec1 (P < 0.01) and Nec1+ ZVAD (P < 0.001) slightly reduced Casp3, whereas ZVAD and ZVDL had no effect (each N = 4). ZVDL (P < 0.05) reduced Casp7 expression more strongly than Nec1 (P < 0.001, each N = 4). Casp7 expression is observed in some types of retinal degeneration 58 . Interestingly, only Nec1+ ZVAD (P < 0.01) and ZVDL (P < 0.001), but not ZVAD or Nec1, reduced Casp8 (each N = 4). To achieve efficient reduction in neuronal cell death and associated MG proliferation the gene expression analysis suggested that inhibition of Casp8 alone, or in combination with either Ripk1 or Ripk3, might be sufficient: This is achieved using Nec1+ ZVAD and ZVDL, respectively, but not Nec1 or ZVAD alone. Sole inhibition of Ripk1 or Ripk3 does not seem to be effective. Apoptotic cell death can be induced via extrinsic and intrinsic activation, which are mediated by initiators CASP8 and CASP9, respectively. Further, it has been shown that CASP8 acts as a switch by not only inducing apoptotic cell death, but also inhibiting RIPK1-mediated programmed necrosis. Inhibition of CASP8 releases RIPK1 and results in necrosis instead of apoptosis 59 . Following our hypothesis, combined application of Nec1 (RIPK1 inhibitor) and IETD (Z-IETD-fmk, CASP8 inhibitor) significantly reduced the number of TUNEL+ cells (by 37 ± 3%, N = 4, P < 0.001) and aCASP3 (by 61 ± 5%, N = 4, P < 0.001). CASP3 is a known target of CASP8. MG proliferation was strongly reduced by 76 ± 5% upon Nec1+ IETD (KI67+ SOX2+ cells, N = 4, P < 0.001). Our results suggest that cell death might be regulated by apoptotic and non-apoptotic mechanisms in retinal explant culture, which might compensate each other in a similar way to previous findings after in vivo retinal detachment 26 . Inhibition of some, but not other, cell death signaling pathways reduced neuronal death and associated MG proliferation, which suggests that not only the amount but also type of cell death might be important. phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) 19, 20, 57, [60] [61] [62] . Here, we investigated whether EGFR and ERK1/2 signaling in mammalian MG possibly transduce some of the observed differential neuronal cell death signaling dependent MG proliferative responses (Figs 2-5). To monitor ERK1/2 activity we performed immunostaining analysis for the MG marker SOX2 and dual phosphorylation (P) of Tyr204/Tyr187 of p44/42 mitogen-activated protein kinases 3 and 1 (MAPK3/1), also called P-ERK1/2. As previously reported in adult mice, we found P-ERK1/2 labeling in the outer and inner plexiform layers, as well as the GCL in undamaged juvenile mouse retinas (Fig. 6a) 60 . Within minutes of retina culture (not shown), P-ERK1/2 transiently increased in MG nuclei and remained at high levels in MG soma and radial processes at DEV 0.75, 2 and 4 (on average: 17 ± 1 P-ERK1/2+ SOX2+ cells /100 µm, dC conditions, N = 15, p < 0.001, Fig. 6a ) compared to uncultured control (0.3 ± 0.1, N = 7). With increasing culture time, some P-ERK1/2+ MG became displaced to the ONL and the immunostaining intensity, but not the number of P-ERK1/2+ MG, increased further, suggesting a temporally regulated response.
Retinal damage and EGFR
To find out if EGFR signaling is required for ERK1/2 activation and proliferation of MG in the mouse retina ex vivo system, we treated EGF-stimulated retinal explants (dC conditions) with the EGFR inhibitors PD153035 or PD158780 (Fig. 6b,c) . Both inhibitors strongly reduced the damage-associated upregulation of P-ERK1/2 in MG by up to 83% (DEV 2: PD153035, N = 5, P < 0.001; PD158780, N = 4, P < 0.001, Fig. 6b, S6 ). To provide further evidence level for EGFR-dependent ERK1/2 phosphorylation, we performed Western blot analyses on whole retinal explant lysates (Figs 6b, S6c) and found significantly reduced P-ERK1/2 levels after EGFR inhibition (PD153035) on DEV 2 (P-ERK1/2 normalized to total ERK1/2, 23 ± 11%, N = 5, P < 0.001). To monitor MG cell cycle re-entry and proliferation, EdU was applied cumulatively and analyzed by immunostaining. Both EGFR inhibitors led to a complete block in MG cycle re-entry, with up to 98% reduction (total EdU+ SOX2+ cells: DEV 2, N = 5, P < 0.01, PD153035, and PD158780, N ≥ 3, P < 0.01, Fig. 6c ). They also prevented damage-induced MG displacement and proliferation (Figs 6c, S6b), but not retinal cell death (Fig. S2a ). Our data suggest that EGFR-ERK1/2 signaling mediates the MG activation and proliferation response in the mammalian retina ex vivo; this is similar to previous findings in vivo 18-20, 22, 62 .
Having determined a role of EGFR-ERK1/2 signaling for MG proliferation in the retina ex vivo system, we investigated whether retinal damage differentially controls MG activation and proliferation via EGFR-ERK1/2 signaling. Immunostaining analysis indicated that the number of P-ERK1/2-expressing MG correlates with low (cC) and high (dC and SW) levels of retinal cell death and the associated MG proliferation response (at DEV 4: cC, 54 ± 4%, N = 9, P < 0.001 and SW, 136 ± 10%, N = 4, P < 0.0131; cC normalized to dC and SW normalized to non-lesioned areas of the same cC retina, Fig. 7a ). Moreover, reduction of neuronal cell death by defined combinations of cell death pathway inhibitors was associated with decreased numbers of P-ERK1/2-positive MG ( Fig. 7b ; Nec1+ ZVAD, 51 ± 5%, N = 8, p < 0.001 and Nec1+ IETD, 64 ± 3%, N = 4, p < 0.001; both compared to solvent control). ZVDL showed only a slight, not significant, decrease in ERK1/2-activity (N = 4, P = 0.092). To further support the immunostaining analysis and to determine whether P-ERK1/2 levels correlate quantitatively with the level of retinal damage, we extracted protein from retinal explants of selected experimental paradigms (each N = 5): cC vs dC culture protocol; stab wound and cell death signaling pathway inhibition (Figs 2-5). Expression of P-ERK1/2 and total ERK1/2 (for normalization) were analyzed via Western blot (Figs 7c, S6c): P-ERK1/2 levels were significantly different between retina derived from the two different culture protocols (cC / dC 69 ± 5%, P < 0.05) and upon cell death signaling pathway inhibition (Nec1+ ZVAD / solvent control 71 ± 6%, P < 0.05), confirming the immunostaining data. In retina with defined stab wound lesions, P-ERK1/2 protein levels decreased, in contrast to the slightly increased number of P-ERK1/2-expressing MG in the lesion area ( Fig. 7a ), but might reflect a lesion-induced reduction of P-ERK1/2 in neuronal cells. A caveat to consider when comparing immunostaining of individual cells and protein expression analysis of whole tissues is the different levels of resolution. Immunostaining showed P-ERK1/2 localization in MG and some other parts of the retina, specifically neurons contributing to the plexiform layers. Our observations support potential differential responses of ERK1/2 in neurons and glia, which is in line with previous studies [60] [61] [62] [63] and further supports the hypothesis of differential reactive (proliferative) gliosis depending on the type of retinal pathology.
Discussion
The question of how neurons and glia communicate in the diseased nervous system is of considerable interest for maintaining neural vitality and function. Specifically, the functional relationship between diseased (and dying) neurons and glia is incompletely understood. The mouse retina ex vivo system offers the possibilities of acute induction of massive neuronal cell death and robust stimulation of MG proliferative gliosis, which cannot yet easily be achieved in the mammalian retina in vivo. Further, the ex vivo system facilitates the timed application of extrinsic factors, compared to eye injection in animal studies in vivo. Of note, photoreceptor detachment may be associated with both apoptotic and non-apoptotic neuronal cell death, whereas inherited retinal diseases mostly involve non-apoptotic cell death [25] [26] [27] [28] [29] [30] suggesting that different modes of neuronal cell death might cause differential gliotic responses. Here, we have established a mammalian retinal ex vivo system that facilitates studies on the influence of the amount and type of neuronal cell death on MG reactive gliosis and proliferation. However, to what extent the retinal ex vivo system recapitulates pathological processes of in vivo models remains incompletely understood. We found that applying continuous hypothermia during eye and retina dissection not only strongly promotes neuron survival 64, 65 , but also prevents MG proliferative gliosis. This indicates a relationship between both processes (Figs 8b, S7 ). There are various purported mechanisms for tissue hypothermia, like glia-derived neuroprotection, or reduced cell metabolism. Thus, hypothermia might also directly keep MG mitotically quiescent. This modified protocol enabled retinal culture with low levels of cell death and spontaneous MG proliferation, even in the presence of the mitogen EGF. Using this modified system we established an ex vivo retinal stab wound model. Stab lesions sufficiently activate ERK1/2 expression in MG of a defined retinal area, which renders them responsive to proliferation in the presence of EGF, whereas areas neighboring the lesion have Table S4 ). *P < 0.05; **P < 0.01; ***P < 0.001 with Student's t-test (unpaired, two-tailed). Scale bars: 50 µm. See Fig. S6 .
MG cell cycle re-entry and proliferation response. Our data support previous findings showing that EGFR-ERK signaling induced by retinal damage are required for MG reactive gliosis and proliferation 20, 22, [61] [62] [63] 66 . Thus, the mammalian retinal ex vivo assay is a powerful system that possibly recapitulates and therefore assists dissecting the mechanisms of neuronal damage-dependent glia cell reactivation and proliferation responses. Further, the retina ex vivo system might support the future development of experimental damage and disease models in Table S1 ). Images and quantitative analysis of retinal explant sections immunostained for the MG marker SOX2 and P-ERK1/2 expression showed lower amounts of P-ERK1/2+ MG in retinal explants with reduced baseline cell death (continuously cooled protocol, cC) compared to higher baseline cell death (discontinuously cooled protocol, dC). Stab wound injury (SW) applied to retinal explants with low baseline cell death (cC protocol) increased P-ERK1/2 expression in MG in the lesion area compared to unharmed neighboring control areas ( > 600 µm distant to lesion area; dC vs cC, N = 4; SW, N = 3). (b) P-ERK1/2 expression in Müller glia was differentially reduced upon application of cell death pathway inhibitors, which efficiently prevented retinal cell death and MG proliferation (Figs 4-5, N ≥ 3, Tables S1 and S4). (c) Western blot analysis of whole retinal explant lysates revealed decreased ERK1/2 activation in experimental paradigms with lower retinal cell death, comparing cC /dC methods and upon cell death inhibition by Nec1+ ZVAD (one data point was removed as an outlier: 2.5-fold different than the mean, P < 0.05 Grubb's test; complete data shown in Fig. S6c ). P-ERK1/2 levels in SW lesioned retinas are lower than in control retinas. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. DEV, days ex vivo. Data are presented as mean ± SD (Western blot) and ± SEM all others. *P < 0.05; **P < 0.01; ***P < 0.001 with Student's t-test (unpaired, two-tailed). Scale bars: 50 µm. mouse and human retinal organoid systems 67 and facilitate studies to decipher the cues differentially regulating reactive proliferative gliosis 1, 2 .
To find out if retinal cell death might be essential for rendering MG responsive to proliferation upon EGF stimulation, we studied the effect of various cell death signaling inhibitors. Apoptosis-dependent compensatory proliferation, i.e. the ability of apoptotic cells to induce proliferation of surviving cells, has been proposed as an evolutionarily conserved mechanism 68 . Given the vital role of caspase activation in apoptotic cell death, blocking their function is a useful strategy for finding out whether apoptosis causes the triggering of reactive proliferative gliosis. Blockage of cell death with pan-caspase or effector-caspase inhibitors impaired tissue regeneration [68] [69] [70] and ameliorated the loss of neuronal cells and function after traumatic brain injury and retinal detachment 48, 71 . Following this approach, we found that a pan-caspase inhibitor reduced the number of cleaved CASP3+ cells in cultured retina, but neither the total amount of cell death nor MG proliferation were affected. Interestingly, different cell death mechanisms, mainly apoptosis, necrosis, and autophagy, might compensate for or switch between each other 31 . It has been shown that programmed necrosis regulated by RIPK1 takes over the control of cell death if caspases are inhibited 59 . Similarly to apoptosis-induced compensatory proliferation, necrotic cells are a source of damage-associated factors that can act as inflammatory mediators. However, to our knowledge necrosis-induced compensatory proliferation has not yet been described. Some studies have shown that application of the RIPK1 inhibitor Nec1 was sufficient to reduce cell death in some, but not other, retinal degeneration models 33 . Here, we observed that combined (but not separate) application of ZVAD and Nec1 effectively prevented neuronal cell death ex vivo, as observed in vivo 33 . This was associated with reduced MG cell-cycle re-entry, supporting the hypothesis that cell death is mechanistically linked to the induction of proliferation (Figs 8b, S7 ). Further, our data suggest that apoptosis is the main mode of cell death in the retina regeneration assay, which might be compensated by necrosis upon apoptosis inhibition. Latter data also suggest that apoptotic and necrotic neuronal cell death each might be sufficient to enable MG proliferative gliosis and inhibition of more than one mode required to prevent it. Following our gene expression data, we hypothesized that inhibition of CASP8, in combination with RIPK1, might be even more specific and therefore similarly effective. Two distinct signaling pathways trigger programmed apoptosis: The intrinsic pathway activated by cellular damage; and the extrinsic pathway induced by the binding of specific pro-apoptotic ligands, like TNF, mediated by the initiator CASP8 activating executioner CASP3. CASP8 has also been shown to negatively regulate necrosis by cleaving RIPK1 and RIPK3 59 . Apoptosis-induced compensatory proliferation has been shown to induce mitogenic cues via initiator or executioner caspases 68, 72 . Inhibition of neuronal cell death and retinal damage dependent MG proliferation was efficient with either ZVDL or Nec1+ ZVAD, which both reduced CASP8 expression and showed a trend increase in RIPK3, a regulator of RIPK1 activation and inhibitor of CASP8-mediated compensatory proliferation in other systems 73 . We found that combined inhibition of CASP8 and RIPK1 reduced cell death less efficiently compared to combined RIPK1 and pan-caspase inhibitors; however, MG proliferation was substantially suppressed by both. This suggests that CASP8-mediated processes might induce MG proliferation, and that other cell death mechanism, which are not priming MG to become proliferation competent, are acting in parallel or are compensating. If so, this would support the hypothesis that cell death, either via CASP8-mediated apoptosis or necrosis, results in the gain of a positive feedback signal from dying cells or loss of negative feedback from surviving cells. This hypothesis is also supported by previous findings 23 and our data using ZVDL, which has also been shown to reduce adult neurogenesis by decreasing caspase-mediated apoptosis 53, 55, 56 . Initially, it might appear that the ZVDL effect is in conflict with the notion of necrosis compensating for apoptosis. However, the ZVDL mixture contains Z-DEVD-FMK, which was originally identified as a potent CASP3 inhibitor and was later shown to also affect calpain-related necrosis 54 . Calpain-mediated photoreceptor degeneration has been reported 74 , and DEVD-based inhibitors have been shown to rescue retinal degeneration in vivo 75, 76 . This indicates that CASP8, a hub regulator of apoptosis and necrosis, might be part of the mechanistic link of cell-death-dependent MG proliferation. However, chemical cell death inhibitors might also affect non-cell death related processes 77 and thus could influence cell death and MG proliferation through distinct mechanisms. Further, CASP8 could regulate EGFR-ERK signaling 78 of MG or affect MG non-autonomously via other cells in the retina, such as vascular endothelia or microglia. It has been suggested that the latter are involved in the MG proliferative response in the retina [79] [80] [81] . In summary, not only MG cell intrinsic properties might control reactive gliosis functions and restrict regenerative competence in mammalian retinal pathologies, but also non-autonomous cell extrinsic processes, specifically neuronal cell death.
In our studies, MG activation and cell cycle re-entry upon retina culture is stimulated by EGF, and our data indicate that the level of proliferative activity correlates with the amount of neuronal cell death. Further, EGFR signaling inhibition entirely blocked MG proliferation, which suggests that EGF is required but not sufficient. This data is in agreement with previous studies 13, 15, 19, 20, 22, 61, 62 . In contrast, stimulation of EGFR signaling has been shown to be sufficient and necessary to induce MG proliferation in undamaged zebrafish retina 18 . Thus, differential MG quiescence and activation states might exist between non-regenerative and regenerative species. Mitotic quiescence is generally incompletely understood, and recent data have demonstrated the existence of multiple cell activation states after tissue injury 82, 83 . Several signaling mechanisms have been implicated in regulating reactive gliosis and proliferation in various species 14, 18, 19, 23 , but differential regulation has not yet been completely deciphered. In zebrafish, various single factors are sufficient to induce regeneration 18, 84 , at least some of which are derived from dying neurons 84 . Thus, it will be interesting to determine whether different factors might come into play depending on the type of retinal pathology and species, and if more complex changes are required to trigger proliferative gliosis. Other mechanisms could also regulate the gliotic response, e.g. neuroprotective factors, cell-cell contact, cell debris, neuronal function, inflammation and differential signaling mechanism of MG function 4, 5, 7, 85 including the EGFR-MAPK-ERK1/2 pathway described here. Recent studies have shown that ERK1/2 activity has an essential function in cell-cycle re-entry regulation and underlies species differences in regenerative competence 86 . Thus, reactive gliosis and glial proliferative disorders in mammals might be a misregulated or limited regenerative program or might be independent entities.
Methods
Mouse retinal regeneration assay. For retinal explant culture, eyes from P10 mice were swiftly isolated after euthanasia and directly stored in HBSS supplemented with 0.6% D+ glucose and 5 mM HEPES at pH 7.2 (retinal storage buffer) that had been pre-chilled on ice. Retinal dissection was performed in 2 ml pre-chilled HBSS under a dissection scope either at RT (discontinuously cooled (dC) protocol) allowing the HBSS temperature to increase over time as described previously 15, 20 or the HBSS was kept on ice during retinal dissection (continuously cooled (cC) protocol). To enable tissue flatmounting for organotypic culture, isolated retinas received four radial cuts at 90° angles and were returned to fresh HBSS chilled on ice. For cultivation, retinas were placed on 6-well tissue culture inserts (Millipore) with the apical side (photoreceptors) facing the membrane in a humidified environment with 5% CO 2 at 37 °C. Cell culture media (DMEM/F12, US Biologicals, D9807-05) was supplemented (Invitrogen unless stated otherwise) with 1% N2 supplement, 5 mM HEPES (Sigma), 1% penicillin/streptomycin, 1% dialyzed fetal bovine serum, 1 mM L-glutamine, 0.6% D+ glucose, and 0.2% NaHCO 3 . 50% of the medium was changed daily. Recombinant human EGF (50 ng/ml R&D) was supplied daily to stimulate MG proliferation. The S-phase proliferation marker thymidine analog BrdU (10 µM), or EdU (5 µM), were incorporated to monitor cell proliferation. Mice used in this study were C57BL/6JRj (http://www.janvier-labs.com). All experiments were approved by the Landesdirektion Dresden, Germany, and performed in accordance with the TU Dresden and German Federal regulations, German laws, the regulations of the European Union, and the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research.
Retinal stab wound injury. Retinas were prepared according to our modified protocol to achieve a low baseline level of cell death (cC conditions, see Fig. 2 ). To induce tissue damage in retinal explants, a 200 µl pipette tip (Biosphere ® Filter tip REF 70760211) was stabbed once through the retina, causing a circular lesion. The pipette tip has an inner diameter of 450 µm and a wall thickness of 250 µm (Figs 3a, S2a) . Stab wounds were positioned centrally in two opposing wings of the four per retinal explant, and could be readily visualized using brightfield microscopy (Figs 3a, S2a ). For analysis, each lesion region could easily be identified by a complete interruption and displacement of retinal layers, which was verified on consecutive retinal cryosections stained with DAPI nuclei stain. Table S1 and their respective DMSO controls were applied daily in full amount at DEV 0, 1 and 2. Inhibitors of EGFR tyrosine kinase activity are listed in Table S1 . Inhibitors were applied at the indicated concentrations and respective DMSO controls were added by the daily 50% media exchange.
Drug-based signaling inhibition. For cell death signaling inhibition experiments, the inhibitors listed in
Tissue preparation, staining, and imaging analysis. Retinal explants were fixed in 4% PFA at 4 °C overnight, cryoprotected by sucrose, frozen in tissue-freezing medium (Jung), cryosectioned at 20 µm thickness onto superfrost+ slides (Thermo Scientific) and stored at −80 °C. Immunostaining was performed following standard protocols. In brief, blocking solution (10% FBS or 0.5% BSA, 0.3% TritonX-100 in PBS) was applied for 60 min at 37 °C with DNase (AppliChem) before cryosections were incubated with primary antibodies for 1-2 days at 4 °C in staining solution (1% FBS, 0.3% TritonX-100 in PBS), followed by the secondary antibody for 1.5 hours at RT (antibodies information in Table S2 ). Cell nuclei were labeled using DAPI (Invitrogen). EdU was detected using Click-iT EdU (5-ethynyl-2′-deoxyuridine) Alexa Fluor 488 and 555 kits (Invitrogen) following the manual provided. Cell death analysis by TUNEL (TdT-mediated dUTP-X nick end labeling) staining was performed using the In Situ Cell Death Detection Kit Fluorescein and TMR red (Roche). The TUNEL reaction mixture without enzyme solution served as the negative control, and DNase treatment as the positive control. For data analysis, images were acquired from the central region of interest at least 100 µm away from the optic nerve head (center of the retina) and from at least two different central sections per retina. The apical retinal length was measured, and cells were counted using Axiovision Zeiss software tool. Cell counts were normalized to 100 µm retina length. Depending on the experiment, images of at least two central regions of interest were acquired and thereby at least 700 µm total retinal length was analyzed per retina. Images were acquired on the spinning disc Zeiss Axio Observer CXU-X1 or Zeiss Apotome microscopes using Plan-Apochromat 20× objectives. For the retinal overview, tile scan images were acquired on the spinning disc microscope (Plan-Apochromat 10× objective). Optical Z-sectioning was performed at 1 μm intervals for cell quantification and co-localization of double-positive cells. Quantitative analyses were performed on flattened image stacks processed with Zeiss Zen or Zeiss AxioVision, Adobe Photoshop CS5.
Protein preparation and Western blot analysis.
Retinal explants were snap frozen in liquid nitrogen immediately after cultivation, and stored at −80 °C. Individual retina were lysed in 1 × LDS sample buffer (Thermo Scientific) containing 3% b-mercaptoethanol (Sigma), protease inhibitors (cOmplete mini, Roche), and phosphatase inhibitors (PhosSTOP, Roche) on ice for 20 minutes, sonicated, and clarified by centrifugation at 16,000 × g for 10 min at 4 °C. Lysates were boiled for 5 minutes and separated on 4-12% NuPage gels, transferred to polyvinylidene fluoride membranes (Millipore), and probed with either mouse anti-ERK1/2 (#4696, Cell Signaling) or mouse anti-phospho ERK1/2 (#5726, Cell Signaling) antibodies. Immunoreactive bands were detected using donkey anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratories) and SuperSignal West Dura Chemiluminescent Substrate (Thermo Scientific), then captured on Amersham Hyperfilm ECL (GE Healthcare). Immunoreactive bands were quantified using Fiji software (https://fiji.sc) and the ratio of P-ERK1/2 to ERK1/2 was determined for individual retinas.
RNA extraction and QPCR. For RNA extraction, retinas were collected in RLT (Qiagen RNeasy kit). Whole retinas were homogenized with Qiashredder (Qiagen). Total RNA was extracted according to the manufacturer's instructions (Qiagen RNeasy mini kit). RNA was quantified using a NanoDrop. DNase digestion was performed to prevent contamination from genomic DNA. cDNA synthesis was performed with iScript cDNA synthesis kit (BioRad). Quantitative real-time PCR (QPCR) using SsoFast EvaGreen Supermix (BioRad) was performed on a C1000 Thermal Cycler (BioRad) with the CFX96 Real-time PCR detection system (60 cycles and 60 °C annealing temperature). QPCR reactions were run with at least three biological replicates (N) and as technical duplicates. Actb served as the housekeeping control gene. The primers used for PCR are listed in Table S3 .
Data and statistical analysis. Unless otherwise indicated, data are depicted as mean and standard error of the mean (SEM) and calculated from N ≥ 3 experiments. The numbers of biological replicates are provided in detail in Supplemental Table S4 . The probability (P) of the null hypothesis was estimated with Student's t-test or 1-way ANOVA (Dunnett's multiple comparison post hoc test) as indicated. Results were considered significant if P < 0.05. GraphPad Prism 7 was used for statistical analyses.
